The purpose of the present paper is to estimate defocusing characteristics of auroral X-ray images observed at balloon altitudes, on the basis of propagation properties of photons from the top to deep in the atmosphere. A Monte Carlo simulation of the X-ray propagation down to a selected atmospheric depth between 6 and 14 gf cm2 was carried out to deduce the spatial dispersion of the initial source photons with different functions of energy and incident direction. The simulation results obtained can be summarized as follows: 1) the horizontal dispersion at a depth is amplified with increasing energy and incident zenith angle of source photons; 2) a fractional contribution of the upward scattering photons amounts to about one-third of the downward moving photons;3) the omni-directional X-ray spectral type of isotropic photon; and 4) the collimated detector with a angle, to about one-third of case 3. An example demonstrates defocused images of a ring-shaped photon source, as functions of incident direction, collimation angle and atmospheric depth.
Introduction
It is well known that measurements of the Bremsstrahlung X-rays associated with auroral electron precipitations deep into the atmosphere provide important knowledge about the energy spectrum and spatial distribution of energetic electrons in the polar region. Local and/or global searches of the X-ray distribution region have been directly achieved by means of rocket and satellite experiments (ROBERTSON et al.,1974; KODAMA and OGUTI, 1976; MIZERA et al., 1978; IMHOF et al.,1980 IMHOF et al., ,1985 GOLDBERG et al.,1982) . Energies of the parent electrons radiating auroral X-rays are usually higher than those of the precipitating particles causing visual aurorae. Therefore, auroral X-ray images are essential for comprehensive studies of the precipitation mechanism of auroral particles covering the wide energy range from the order of eV to the order of a hundred keV.
Balloon observations of auroral X-rays still supply an attractive means to form X-ray images, owing to various advantages such as easier handling in launch, longer 389 observing time at a location, heavier allowable payload and economical cost (YAMAGAMI et al., 1978; MAUK et al., 1981; HIRASIMA et al., 1983 HIRASIMA et al., , 1987a . In parallel with experimental works, some simulative and analytical investigations have been performed from the standpoint of a theoretical approach of X-ray diffusions through the atmosphere (PILKINGTON and ANGER, 1971; BERGER and SELTZER, 1972; OGURA and KODAMA, 1980) . However, most of these calculations concentrated on energy transfers from the parent electrons to the secondary X-rays, or possible modulations of the X-ray energy spectrum with atmospheric depth. They also dealt with few quantitative estimations of atmospheric scatterings of photons from the initial incident directions. There is no doubt that successive accumulation of multiple scatterings introduce more or less defocusing effects into the X-ray images taken at balloon altitudes.
In order to estimate the defocusing effect by means of a Monte Carlo simulation, four different types of photon source functions, from simple to complex, have been assumed as follows: 1) parallel beam sources with mono-energy, 2) isotropic sources with mono-energy, 3) parallel beam sources with exponential-or power-law spectrum, and 4) isotropic beams with exponential-or power-law spectrum. Energies of the source photons, which were assumed to be produced at 100 km altitude, were taken from 25 keY to 200 keY, and their trajectories were traced onto the deeper atmosphere. When a photon crossed a selected balloon altitude (typically 6 to 14 g/ cm2 in atmospheric depth), photon parameters of energy, directions of trajectory and coordinates of crossing point were recorded for every photon trajectory.
As a result, the greater the zenith angle of the incident direction is, the more the defocusing is enhanced, but little dependence of the defocusing on the atmospheric depth is found, due to the absorption of largely scattered photons. Although the collimation device for the balloon-born detector is effective for making the defocusing smaller, it is occasionally accompanied by a kind of spurious ghost image relevant to the defocusing, when the inclined directional telescope is used. Details of this ghost image will be reported in a separate paper (OGURA and KODAMA, 1989) .
The present paper describes fundamental characteristics of defocusing inherent to X-ray images obtained by using the omni-directional detector, or vertical telescopes with different fields of view. Sections 3 and 4 are devoted to basic diffusion characteristics of a point photon source with mono-energy, in terms of energy degradation and backward scatterings. In Section 5, the horizontal dispersions of both parallel and isotropic source beams, directly concerned with defocusing, are examined and further extended to different photon sources: point and ring-shaped with exponential-or power-law energy spectra. Finally, some influences of the geometrical parameters of the balloon-borne X-ray imager on defocusing are discussed in Section 6.
Monte Carlo Simulation
It is likely that Bremsstrahlung X-rays generated near the top of the atmosphere taken along the x-direction was examined as a quantitative index of the defocusing. 
Energy Degradation of Scattered Photons
Monochromatic photons give rise to a certain degree of energy broadening due to inelastic collisions in the deeper atmosphere. Figure 3 shows the results obtained at the three different depths of 6, 10 and 14 g/ cm2, where energies of the vertical incident photons are indicated by vertical lines between 40 keV and 200 keV.
Comparing the three panels with one another, it is obvious that fluxes of lower energy photons as well as direct photons increase with decreasing depth owing to atmospheric absorption. We note that the secondary photon fluxes are not always uniform against energy, but a small minimum is found in any energy spectrum except in the case of 40 keV in source energy. Such a hollow becomes shallower with increasing zenith angle of the source beam direction. Consequently, the energy spectrum of the secondary photons resulting from an isotropic photon source becomes nearly flat as shown in Fig. 4 .
Downward and Upward Moving Photons
In general, the scattered photons cross a selected balloon altitude in one of two ways, downward or upward. Fractional contributions of both the components largely vary with source functions. In most image-forming experiments, the downward-moving photons alone are detected by using a single or plural detector with a collimator to minimize defocusing caused by largely scattered photons. It is, (1) where x is a horizontal distance of the scattered photons measured from an intersection of their initial incident directions with an altitude level of interest. It is unlikely that this r-value is the best index for indicating the order of defocusing, but it seems to give relative measure better than the FWHM through the various source functions which follow.
Parallel beam point source with mono-energy
The simplest model of source function, i.e., a vertical beam point source with mono-energy, was adopted as the first step for searching for defocusing properties of images. Individual locations of arriving photons at the three different depths were plotted on the x-y coordinate planes corresponding to the respective depths, as shown in Fig. 7 . As they distribute symmetrically around a center point in each diagram, the total counts of scattered photons around a circle are shown against radial distances in Fig. 8 . It is apparent from Figs. 7 and 8 that the degree of the horizontal dispersion increases with increasing photon energy, but that its depth dependence is not so distinct against an apparent enhancement of total flux of the S-component with increasing depth. Hence, relative ratios of the S-component to the D-component (as indicated by arrows in Fig. 8 ) increase with increasing depth. For the initial photon energy of 40 keV, they are found to be 8%, 13% and 30% at depths of 6, 10 and 14 g/cm2, respectively. The small depth dependence of the dispersion means that a sort of screening effect due to atmospheric absorption becomes dominant with increasing depth. Next, we calculated defocusing properties for the inclined beams from a point source with mono-energy. Table 1 shows the dependence of the r-values given by Eq. (1) on the three parameters of photon energy, incident zenith angle and atmospheric 1 km or so, negligibly small defocusing in practice, because there are much greater fluxes of the D-component. We note that the r-values don't correctly reflect the extremely asymmetric distribution of dots around the center point.
Isotropic source with mono-energy
We assumed an isotropic photon source with a fixed energy, where the incident directions of photons at a point are taken downward from the horizon. The presence of obliquely inclined photons modulate, more or less, the above-mentioned results based on a vertical photon beam alone, as seen from a comparison between Fig. 5 (isotropic) and Fig. 8 (vertical beam) . A little energy dependence of the horizontal dispersion is recognized from Fig. 5 , but the r-values are found around 10 km for any source of photon energy (not tabulated here).
Parallel beam source with exponential energy spectrum
This simulation was made for a parallel beam source with the exponential energy spectrum common in typical auroral precipitation events. The horizontal dispersions of the parallel beam photons having an e-folding energy of 30 keV are shown in Fig. 9 . They reveal a comparable order of magnitude with those of the mono-energy source in Fig. 7 , despite energy integration from 40 keV to 200 keV. Dependence of the dispersions on the atmospheric depth is not so significant, but conspicuous against the zenith angle of the source direction. Quantitative representations of defocusing by the r-values are summarized in Table 2 , together with the results from the power-law spectrum sources. Comparing Tables 1 and 2 , it is evident that any spectral type of source gives somewhat larger defocusing than a mono-energy source, but that the difference in the e-folding energy or power exponent introduces no significant difference in defocusing, though the power type reveals a little greater dispersion than for the exponential type. Both the horizontal dispersion and the count histogram deduced from a ringshaped photon source with a radius of 30 km were calculated as functions of zenith angle and atmospheric depth. Figures 10 and 11 , assuming the e-folding energy of 30 keV, demonstrate characteristics of defocused images of the ring image; that is, the enhanced out-of-focus state of a ring image with increasing zenith angle and depth.
Isotropic source with exponential energy spectrum
Lastly, we assumed an isotropically incident photon source with an exponential energy spectrum, which most resembles the source function appearing in a practical auroral event. Figures 12(a) and 13(a) for the e-folding energy of 30 keV show the x -y dispersion and the count histogram obtained by using an omni-directional detector. We note that the whole range of the horizontal dispersion covers about any spectral function, including the power type, as shown in Table 3 .
Dependence of Defocusing on Detector Specifications
In image-forming experiments, most X-ray imagers usually have some collimation device to improve their spatial resolution. Therefore, it is of interest to investigate the dependence of defocusing on detector specifications, such as the aperture angle of the collimator and the zenith angle of the collimator axis. Similar simulations were performed under several sets of geometrical parameters of the collimated detectors, as shown in Table 3 Table 4 . For third of that in the non-collimation detector, regardless of any spectral type of simultaneously depresses the detection efficiency by one order of magnitude, as described in the next section. All of the above results pertain to a vertically viewing detector. When an inclined detector with a collimator is used, a spurious image appears to come from outside the detector's field of view, in superposition with the real image inside. Such spurious images vary with the collimation angle and the zenith angle of the collimation axis. Details of these interesting features are given in a separate paper (OGURA and KODAMA, 1989) . image with mono-energy at depths less than 10 g/cm2 are found to be as small as 1
For an isotropic source with any type of energy spectrum, the defocusings extend to 10-12 km, though a little difference is found between the mono-energy and spectral types of sources (see Table 2 ). As a whole, the degree of horizontal dispersion is enhanced with increasing primary photon energy and atmospheric depth. These simulation results for the omni-directional detector suggest that the defocusing effect could actually cease to be a problem, so long as the aperture angle of the On the other hand, the directional X-ray detector with a collimator reduces the contributions of scattered photons and thus provides better-focused images. But it should be noted that this device also introduces a lowering of counting rate altitudes of 6-14 g/ cm2 can be reduced to about one-third of that for the omnidirectional detector (see Table 4 ). However, considering the detection efficiency defined by a ratio of the arrival photon fluxes to the source photon fluxes, the detection efficiency varies considerably with the primary photon energy and collimation angle. Two such modes of dependence of the efficiency in percent are summarized in Tables 5 and 6 , respectively. The efficiency comes down with Table 5 . Energy dependence of the detection efficiency (%). These pertain to a mono-energy parallel beam source, viewed by an omni-directional telescope. Table 6 . Collimation angle dependences of the detection efficiency (%). These pertain to a point isotropic source having an exponential spectrum with an e-folding energy of 30 keV, viewed by a collimated telescope.
decreasing energy and collimation angle; it also decreases with an increasing zenith angle of the source direction, due to the lengthened path from the source to the detector. Of course, deeper atmospheric depths always make the efficiency lower. The collimation dependence itself becomes obscure with increasing atmospheric depth, because the possibility that downward-moving photons enter the detector's field of view after their multiple scatterings increases with deeper depths. In summarizing Tables 4, 5 and 6, it is concluded that both experimental conditions of the balloon altitudes of lower than 10 g/cm2 and the collimation situation also serves to minimize image defocusing due to upward-moving photons, whose fluxes amount to about one-third of the downward photons.
A balloon-borne X-ray imager we used in the northern polar region experiment covered the whole 1987b). Any defocusing effect is not matter of fact in this case, but the influence of the ghost image is inevitable. The higher threshold energy of the detector is effective in reducing the ghost image as well as the defocusing, but it is not always a good solution in practice because of poorer counting statistics. 
